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* Objectives 


+ Background on homogenization approach 
- Nicolson-Ross-Weir (NRW) approach 
- First-principle homogenization theory 


+ Simulation tool and experimental setup 
= HFSS 
- Waveguide measurement system 


* Comparison of results 
- RT/Duroid 5870 


- Magnetic material formed by U-spiral-pair (USP) metamaterial embedded 
in RT/Duroid 5870 


* Conclusions 
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+ Measure the effective permeability of the hybrid composite 
magnetic material which is thin, flexible and operate in 
microwave regime 


* Compare first-principles homogenization theory (FPHT) with 
the Nicolson-Ross-Weir (NRW) approach for determining the 
complex permittivity and permeability of material under test 
(MUTs) from the measurement of S-parameters 


+ Show that the FPHT overcomes the anti-resonant behavior 
associated with the wrong sign for the imaginary part and 
negative slope for the real part versus frequency for 
permittivity or permeability in the NRW 


+ A homogenous slab and a slab embedded with metamaterial 
inserts formed by U-spiral-pair (USP) resonators are used as 
MUTs to prove the accuracy and robustness of the FPHT 
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+ Important for the characterization and design of metamaterials 


+ Accurate and reliable homogenization approach for the effective 
parameter extraction are becoming essential 


* The most common techniques to retrieve those parameters are 
Nicolson-Ross-Weir (NRW) approaches 


* They are simple and easy to implement 


. However, they have several shortcomings which may make the 
extracted parameters unreliable 
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* They utilize the scattering coefficients (S-parameters) of normally 
incident plane wave on metamaterial slabs as the input 

+ The expression are formulated by the inverted Fresnel equations 
to extract the effective parameters (permittivity, £, permeability, x, 
and refractive index, n) 
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Retrieval Approach 


Assume the tangential electric and magnetic field are continuous 
across the interface 


This assumption may not capture the surface perturbation effects 
Resulting in the violation the causality and passivity condition for 
permittivity and permeability 

For instance, the wrong sign of the imaginary parts and negative 
slopes of the permittivity/permeability versus frequency 
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The first-principles homogeneous theory (FPHT) 
* Originating from the Claussius-Mossotti formulas 


e Utilizing the polarizabilities of the unit cells scatterer in order to 
calculate effective parameters 


In this work 


+ Applying the FPHT to analyze the metamaterial inserts formed by 
USP resonators and arranged in single-layer lattice 

e Polarizabilities are acquired using simulated/measured S- 
parameters 

+ Dynamic interaction constant between inclusion/scatter is modified 
for single-layer lattice 
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e Single layer planar array of periodically placed resonant 
inclusion/scatterers 


+ Single-layer lattice period along x and y directions 

+ Plane waves normally incident on the array along + z direction 
Assumptions 

+ Scatterer’s sizes are much smaller than wavelength (d<<A) 


+ So it can be assumed as a point to its center and be replaced by 
an appropriate set of electric and magnetic dipole moments 
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+ Adiscrete array of dipoles can be substituted with an equivalent 
continuous surface electric polarization/magnetization 
+ The scattered fields can be computed using boundary conditions 
+ The S-parameters can be expressed in terms of dipole moments 
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* The interaction constant can be found by removing the dipole at 
the origin and superimposing the contribution to E and H at this 
location produced by every other polarized dipole in single-layer 
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The final expression of bulk the effective parameters using FPHT 
is written in a generalized Clausius — Mossotti closed form as 


in an -Cn 
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Material under Development 
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+ Using the commercial electromagnetics software, HFSS 
* Model WR-430 included sample holder with MUTs at the center 
+ Use the wave-ports with TE,, as the excited mode 


+ Aluminum is selected for WR-430 waveguide and copper for USP 
resonator 


+ The air gaps is included in the simulation mode to capture the 
tolerance in the fabrication 


+ S-parameters are also de-embedded to the surface of MUT 
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* Consisting of two coaxial waveguide adapters (WR-430), the 
sample holder, material under test (MUTs), and network analyzer 

e MUTs (4.30 in. x 2.15 in. x 125 mils) are homogenous slab 
(RT/Duroid 5870) and a slab embedded with USP resonators 
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* We design magnetic material formed by USP resonators 
embedded in the host RT/Duroid 5870 


+ We compare NRW and FPHT retrieval methods for determining the 
complex permittivity and permeability of MUTs from the 
measurement of S-parameters 


* We find that both NRW and FPHT are matched for homogenous 
dielectric material 


* However, FPHT fixes the anti-resonant behavior in NRW for 
metamaterial inclusions 


+ PHT will be used as a tool to measure the effective permeability 
of the new hybrid composite magnetic material under 
development 
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